A programmable DC power supply with Real-time Digital Simulator (RTDS)-based 11 photovoltaic (PV) Power Hardware-In-the-Loop (PHIL) simulators have been used to improve the 12 control algorithm and reliability of PV Inverter. This paper proposes a supervisory control 13 algorithm for PV PHIL simulator with non-RTDS device that is an alternative solution of high cost 14 PHIL simulator. However, when such a simulator with conventional algorithm which is used in 15 RTDS is connected to a PV inverter, the output is in the transient state and it makes it impossible to 16 evaluate the performance of the PV Inverter. Therefore proposed algorithm controls the voltage and 17
Introduction 27
Photovoltaic (PV) power generation is a technique of converting solar light into electricity. Since 28 the French scientist Edmond Becquerel first discovered the photovoltaic effect in 1839, many 29 advances have been realized for PV power generation, such as the reduced cost and improved 30 efficiency and lifespan of solar cells. This is due to active research and development on the 31 commercialization of solar cells after the oil shock in the 1970s. Because of recent environmental 32 issues and the threat of climate change to the survival of mankind, PV power generation is playing a 33 leading role to meeting the increasing demand for renewable energy. Not only is the distribution of 34 utility-grade PV power plants to replace existing power plants increasing, but small-scale distributed 35 power-grade PV power generators are also gaining prominence. Recently, advances have been made 36 in electric vehicles (EVs) (various related studies have focused on EV charging stations connected to 37 PV power generation), and the percentage of homes combining small PV and EVs that use it as an 38 energy source has been increasing [1] [2] [3] [4] [5] [6] [7] [8] . 39
Research is being actively conducted not only on improving the performance of solar power 40 itself (i.e., PV cells, modules, and arrays) but also on peripheral systems to use the generated power. 41
In particular, various studies have been conducted on Maximum Power Point Tracking (MPPT) 42 algorithms to control inverters, which are devices that convert the power generated from a PV, and 43 maximize the output power of a PV system [9] [10] [11] [12] [13] . Tests can be performed to apply inverter controlalgorithm to an actual PV system, but reproducibility is difficult because of changing environmental 45 factors such as the temperature and irradiation. The high cost of implementing actual PV systems to 46 study the improvement of the grid-tied or off-grid PV inverter performance is required in research 47 and development efforts. In order to solve this problem, PV Power Hardware-In-the-Loop (PHIL) 48 simulators, which can simulate and test PV arrays in Real-time, are being used to develop PV 49 inverters [14] [15] [16] [17] . PV PHIL simulators are generally composed of universal real-time digital simulator 50 (RTDS) devices, but these are expensive owing to extra features, difficult to use owing to the expertise 51 required to run the program, therefore generally, there is barrier to be widely used. 52
In this paper, a supervisory control algorithm for PV PHIL simulator with non-RTDS is proposed 53 which can improve the output performance developed with a general Computing Unit connected to 54 programmable DC power supply. A multi-rate system is applied to proposed algorithm considering 55 the characteristics of each peripheral devices. A plant consisting of a mathematical model of PV 56 system, control algorithm, calibrations is simulated using the MATLAB/SIMULINK and 57 implemented a form of Real-time processing S/W by means of application program interface API to 58 peripheral components, Real-time Work Shop (RTW), and MEX function. To validate the proposed 59 control algorithm of PV PHIL simulator, an evaluation test is carried out. This included isolated 60 measurement devices for the monitoring output of the DC power supply and digital signal 61 processing of measured signals to interface with peripheral devices. 62
The paper is organized as follows: the next section explains the mathematical modeling of the 63 PV system. Later, in Section 3, presents the proposed control algorithm of PV PHIL simulator against 64 conventional control algorithm and Implementation works such as Real-time S/W, centralized control 65 logic are presented in Section 4. Section 5 presents the simulation and test results validating the 66 performance of the proposed algorithm. Finally, the conclusions close the paper. 
78
The output current of a PV cell can be generalized as shown in Equation (1) according to 79
Kirchhoff's current law (KCL). Electrons and holes appear because of the photoelectric effect caused 80 by light in the depletion layer of p-n semiconductors. The output current appears when a load is 81 connected to both ends and follows the flow of electrons: 82 83 The diode thermal voltage, which is used to find the output current of Equation (2) when the PV cell current of Equation (2) is converted into the output voltage. and are 103 dependent on the temperature and are necessary to solve Equation (4); they are determined according 104 to the standard test conditions (STC), as shown in Equations (5) and (6). The bandgap energy E0 varies 105 depending on the type of semiconductor material and temperature. In this research, however, a 106 constant value was used under the assumption of STC. 107 108
109
Here, is the irradiation under STC, is the temperature under STC, is the temperature 110 coefficient of the photon-induced current [%/C], and is the bandgap energy of the semiconductor 111 
123
The bypass diode is connected to the PV module in parallel. In the steady state where the light 124 reaches the PV module homogeneously, the forward bias causes a reverse bias to the bypass diode, 125 and no current flows. However, if an output mismatch between PV modules occurs due to shading, 126 it becomes a reverse bias, which causes a forward bias to the bypass diode. This prevents damage 127 caused by the hotspot phenomenon. The operating formula for the PHIL simulator can be expressed 128 as follows: 129
where is the voltage drop caused by the bypass diode, is the bypass diode abnormal 130 coefficient, and is the bypass diode reverse saturation current. 131
The PV operating voltage in strings is defined by the number of serial and parallel modules 132 ( , ) from Equation (4) and is expressed by the following voltage determination equation: 133
where is the number of PV modules connected in series and is the number of PV modules 134 connected in parallel. 135
Regarding the parallel connection of PV modules, when a voltage imbalance occurs between 136 modules in terms of strings, the output current can flow backwards into the low-voltage module with 137 the shadow due to the voltage mismatch. To prevent this, a blocking diode is installed between 138 modules, and a circuit is composed to prevent current from flowing into the PV module under normal 139 conditions. The module voltage regarding the blocking diode operation can be generalized as follows: 140
141 where is the voltage drop caused by the blocking diode and is the bypass diode abnormal 142
coefficient. 143
The final output of the PV array is the subtraction of the voltage drop used in the 144 parallel connection from the maximum value between and , which refer to the PV module 145 output: 146
Based on the mathematical model of the PV array including the PV cell, MATLAB/Simulink is 147 used to develop for simulation, as shown in Figure 3 . The irradiation and temperature, which are 148 external environment data, and the current value of the PV array are input to output the voltage and 149 current [20] . 150 151 However, the combination of general computing unit and typical programmable DC power 163 supply has constraints such as sampling time to peripheral device, computing performance, and 164 rectangular voltage and current output range which are divide into the constant voltage (CV) mode 165 and constant current (CC) mode. One of these modes is activated depending on the load conditions. 166
When a load is connected to the initial DC power supply, the CV mode is started; when the restricted 167 current output range is exceeded, it changes to the CC mode to control the current. The CV mode is 168 then no longer valid, and the output voltage cannot be controlled. Thus, when MPPT control is 169 performed from an inverter, the constant voltage (CV) and constant current (CC) modes cross-170 operate, and the I-V curve of the actual PV system cannot be followed precisely owing to a transient 171 output. 172
Proposed Supervisory Control Algorithm for the PV PHIL Simulator with non-RTDS 173
To improve the performance of PV PHIL simulator with non-RTDS connected to grid-tied PV 174 inverter, a supervisory control algorithm and multi-rate system are proposed in this study to 175 
186
Typical DC power supply start in CV mode, which controls the initial output voltage, and then 187 change to CC mode, which controls the output current when the current limit is exceeded. In CC 188 mode at DC power supply, the output voltage is not controllable due to activation only one mode at 189 a time. 
206
Because this PV PHIL simulator operates with multiple peripheral devices, it requires efficient 207 control of the characteristics and states of each device. Thus, a multi-rate system that works in 208 accordance with the current state of each device while considering the main control device load was 209 developed. Table 1 presents the function blocks that operate each device and the load weight of each 210 current state. Equation (13) is applied to the standard sample rate ts, and the results of the operating 211 cycle of each device (tDC, tMC, tMU, and tCU) are obtained. Finally, the above results are used to generate 212 the operating signs of S 1-5 through the pulse generator function PulGen(), as shown in Equation (14) . 213
The cycle of the main block that works in connection with the peripheral devices operates at multiple 214 rates of S 1 (k), S 2 (k), S 3 (k), S 4 (k), and S 5 (k). The DC power supply transmits and performs the final 215 reference values of voltage Vcmd(k) and current Icmd(k). 216 
Integration and conversion to Real-time processing 234
Due to the inputs and outputs are determined from current state of each component, it is 235 necessary to operate PV PHIL simulator systematically. Therefore the centralized control logic is 236 developed to perform the test with certain scenario and is shown in Figure 8 , which is described in 237 detail below. 238
Step 1. PV PHILS Initialization procedure: Check the system parameters, UART and TCP/IP communication check, Initialization to the Input and Output
Step 2. Pre-start up procedure: Initial stage to DC power supply and Enable the output power
Step 3. Check the state of each component: Communication check and current state of DC power supply, Isolated measurement device and other peripheral devices
Step 4. Data processing: Acquisition of the measurement data, calibration process and visualization to the GUI
Step 5. Supervisory control algorithm: Computing the mathematical model of PV system with environmental variables and measured data
Step 6. Execution process: Send the set values to DC power supply and check the fault
Step 7. Repeat the Step 3. ~ Step. 6 until the end of test 
241
On the other hand, the software elements including the mathematical model of the PV system 242 mentioned in section 2 should be connected with the hardware and synchronous in Real-time using 243 a general Computing Unit, rather than a special device equipped with an expensive RTDS. An 
Performance Evaluation of the PV System for the PHIL Simulator 251
To validate the effectiveness of the proposed advanced PV control algorithm and the proposed 252 simulator, an experiment was performed. The proposed method and a conventional method were 253 compared using simulator equipment. The test results were used to compare and analyze the 254 performance characteristics of both methods. 255
PV Array Simulation and Test Conditions 256
The performance of the proposed algorithm was evaluated with a commercial PV array [21] and 257 Table 2 To compare and analyze the performances of the proposed algorithm and the conventional 265 method for a PV PHIL simulator using a DC power supply, a 3 kW PV inverter connected to the 266 system was used. The test was performed at 1000 W/m 2 and 25 °C. For the current-voltage graph 267 considering the PV array's irradiation and temperature, the operating point was defined with the 268 MPPT control algorithm for the connected inverter. The PV PHILS operating characteristics and 269 performance were compared and analyzed. Tables 3 and 4 present the detailed specifications of the 270 DC power supply and inverter, respectively. 271 Table 3 . Specifications of the programmable DC power supply. 
Simulation Analysis of Performance Characteristics 274
To exactly implement the PV array characteristics according to the irradiation and temperature 275 changes in the PV PHIL simulator, the current-voltage characteristics of the PV array were analyzed 276 in MATLAB with variable external factor conditions. The PV array's mathematical model and real-277 time operable single-diode PV cell proposed in Section 2 were used. The current-voltage 278 characteristics of the PV array were analyzed while the irradiation and temperature conditions were 279 changed, and the typical current-voltage characteristics proposed by the manufacturer were 280 compared to verify the degree of concordance and accuracy of the results. 
Experiment Analysis of Performance Characteristics 296
To validate the accuracy of the proposed simulator, Real-time S/W which is included in the 297 mathematical model described in Section 2, the PV control algorithm of the conventional method 298 described in Section 3, and the centralized control logic described in Section 4 is applied to the PV-299 PHIL simulator to perform the tests with certain scenarios as shown in Figure 12 . 
302
The initial environment conditions are an irradiation of 1000 W/m 2 and temperature of 25 °C. 303
No shadow is assumed to appear on any PV module. As shown in Figure 13 , with the conventional 304 algorithm of the PV PHIL simulator, the PV array maintained the maximum output voltage Voc state 305 before being connected to the inverter system. However, after connection of the PV inverter to the 306 grid, the voltage and current at the maximum power follow-up point varied continuously and 307 To verify the performance of the PHILS algorithm, the Error Current is calculated by the results 336 of each algorithm against the reference values performed through simulation as shown in Equation 337
(15). Reference value of PV output current generated from PHILS is created by () function which 338 has the Look-Up table of PV I-V Characteristic. Figure 15 shows the result of both algorithm and it is 339 clear that the proposed algorithm has much better performance compared to conventional algorithm 340 for PHIL simulator. 341
Error Current(t) = ( ( )) − ( )
342 Figure 15 . Error compared to reference value to each algorithm.
343

Conclusions 344
In this research, a supervisory control algorithm for PV PHIL simulators that use programmable 345 
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